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To protect the natural marine ecosystem, it is necessary to continuously enhance knowledge of environmental contamination, including oil
pollution. Therefore, to properly track the qualitative and quantitative changes in the natural components of seawater, a description of the
essential spectral features describing petroleum products is necessary.
This study characterises two optically-different types of crude oils (Petrobaltic and Romashkino) – substances belonging to multi-fluorophoric
systems. To obtain the spectral features of crude oils, the excitation-emission spectroscopy technique was applied. The fluorescence and
light absorption properties for various concentrations of oils at a stabilised temperature are described. Both excitation-emission spectra
(EEMs) and absorption spectra of crude oils are discussed. Based on the EEM spectra, both excitation end emission peaks for the wavelength-
independent fluorescence maximum (Exmax/Emmax) – characteristic points for each type of oil – were identified and compared with the
literature data concerning typical marine chemical structures.
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1 INTRODUCTION
The implementation of sanctions for oil spills to meet the re-
quirements of the protection of the marine environment has
led to a significant decrease in registered oil spills [1]. For ex-
ample, as the Baltic Sea Now Info reported, since 2006 the num-
ber of oil spills in the Baltic Sea has been reduced by half [2].
Moreover, in recent times there has been a significant increase
in the intensity of maritime transport, which has led to an in-
creased risk of an oil spill as a consequence of possible ma-
rine accidents. Therefore, it is worth broadening the scope of
rapid detection to determine the source of the oil leak as well
as identify the perpetrator.
Crude oil and petroleum products are highly complex mix-
tures of mainly hydrocarbon compounds [3]. The complex
structure of petroleum products requires the application of
the most sensitive techniques possible. To expand the knowl-
edge of petroleum products, various techniques based on UV-
visible, Infrared, Raman spectroscopy or chromatography have
been used [4]–[8]. However, from among the various tech-
niques, the most efficient method for highly complex struc-
tures seems to be fluorescence [9, 10] due to its high sensitiv-
ity.
Initially, petroleum products were studied based on fluores-
cence by Franck [11]. Since that time, there has been increased
interest in the study of oils based on fluorescence methods for
satellite, laboratory and in situ measurements [12]–[17]. How-
ever, the difficulty of the task lies in identifying the oil spill
with the lowest concentration of oil. Many of these techniques,
particularly satellite remote sensing measurements, allow oil
pollution to be detected with large oil spills. In contrast, re-
mote sensing techniques based on laser fluorescence (denoted
as the LIDAR technique) which allow oil detection for low
concentrations, are burdened by many technical problems
which appear as limitations [18]–[20]. The problems of oil de-
tection when the concentration of hydrocarbon compounds
is low were reported by Dolenko et al. [15]. They noted the
difficulty of separating an oil’s fluorescence from humic com-
pound fluorescence for concentrations of oil in the order of
micrograms per kilogram. When detecting oil in low concen-
trations, excitation-emission fluorescence, synchronous fluo-
rescence as well as fluorescence for single wavelength excita-
tion can be considered. Work to expand the knowledge of the
fluorescence of petroleum substances is still ongoing. For ex-
ample, our studies are focused on collecting the shapes of flu-
orescence spectra for different types of oil in various oil-water
systems [21, 22].
In order to protect the marine environment ecosystem, it is
necessary keep track of the periodic dynamic changes in the
presence of long-time natural components of seawater, such
as chlorophyll, phytoplankton or coloured dissolved organic
matter denoted as CDOM. A description of particular seawa-
ter component properties has been sought for many years.
To solve this problem, many techniques were developed to
detect and identify the changes of natural seawater compo-
nents. Many of these techniques were based on fluorescence
spectroscopy. It is well-known that natural surface waters,
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due the specific composition mentioned above, show a typi-
cal spectrum for those components. These components exhibit
both fluorescence and absorption characteristics for appro-
priate excitation and emission wavelengths. Coble et al. de-
scribed the absorption spectrum as well as fluorescence spec-
tra based on excitation-emission spectra (EEMs) [23]–[25]. In
many papers, specific points described as the typical fluores-
cence peaks for CDOM were presented. The spectral position
of these peaks varies for both inshore and offshore waters,
for rivers and estuaries and varies per season [26, 27]. The
seawater fluorescence studies show that CDOM absorption
is partially covered by chlorophyll absorption. These studies
have been carried out mainly to expand knowledge about the
natural ecosystem of the marine environment. Furthermore,
these data on seawater components could allow remote sens-
ing measurements based on optical methods to be applied to
ocean colour systems or satellite measurements [24].
In order to conduct studies into protecting natural seawater
ecosystems, studies of oils are also necessary. The information
about the influence of oil presence on the light field trans-
formation in the water column allow to complete the data
to improve the operational models using in remote tracking
the natural constituents of marine water (CDOM, phytoplank-
ton or chlorophyll). Studies on petroleum substances indicate
that they demonstrate fluorescence as well as significant ab-
sorbance in an area where chlorophyll or CDOM strongly ab-
sorbs light radiation [21, 22, 28].
In this paper, we present the excitation-emission spectra and
absorption spectra for two types of crude oils, Petrobaltic and
Romashkino. We consider Petrobaltic crude oil naturally present
in the Baltic Sea in the Polish Exclusive Economic Zone and
Romashkino crude oil from Tatarstan (Russia) to characterise
and compare crude oils. Moreover, applied two types of oils
were selected as radically different in their optical proper-
ties namely: Petrobaltic represents most bright and transpar-
ent oils, whereas Romashkino – dark and opaque ones. These
spectra were determined for different concentration of oils,
which allows the wavelength-independent fluorescence max-
imum and absorption coefficients of the oils in the ultravio-
let wavelength range and typical features for these oils to be
determined. This indicates that the results of measurements
(presented later), such as specific oil absorption and fluores-
cence, can be compiled into a database to construct a profile
of an oil’s optical properties.
2 MATERIAL AND METHOD
2.1 Oi l in n-hexane samples
To prepare oil samples, two crude oils were used: Petrobaltic,
extracted from the Baltic Sea in the Polish Exclusive Eco-
nomic Zone, and Romashkino, extracted at the Romashkino
field in Tatarstan (Russia). Visually, Petrobaltic is relatively
clear and transparent compared to Romashkino, which is de-
cidedly opaque. As a solvent, n-hexane (for analysis, 96.0%
purity) was applied. Next, the base (stock solution) samples of
oil in n-hexane for both types of oil were prepared. Based on
Petrobaltic (P) Romashkino (R)
c
[mg/kg]
P1 R1 20
P2 R2 50
P3 R3 230
P4 R4 280
TABLE 1 Concentration of oil in n-hexane for considered oils.
this dilution method, four individual concentrations for both
types of oil were prepared and are presented in Table 1.
2.2 Measurement and apparatus
Three-dimensional EEM spectra and the absorbance spectra
of oil in n-hexane samples for both types of oil were obtained
with anAqualog Horiba spectrofluorometer [29]. The EEMs and
absorbance spectra of oil in n-hexane samples were measured
simultaneously [17]. Both EEM and absorbance spectra for all
solutions were measured in a 1×1 cm quartz cuvette.
For EEMs measurements, the following measurement param-
eters were applied: excitation wavelength from 240 nm to
600 nm with a 5 nm sampling interval, emission wavelength
from 212.75 nm to 622.97 nm with a 1.623 nm sampling inter-
val, 5 nm excitation slit, 5 nm emission slit and 1 s integration
time.
For absorbance spectra measurements, the following param-
eters were applied: excitation wavelength from 240 nm to
600 nm with 5 nm sampling interval, 5 nm slit and 1 s inte-
gration time. It is worth noting that the absorbance spectra
were measured from the longest to the lowest excitation wave-
length because of the technical features of this spectrofluorom-
eter.
The software package of the spectrofluorometer allows auto-
matic removal of Raman and Rayleigh scattering [29], to yield
a digital matrix of excitation-emission spectra.
3 RESULTS
3.1 Fluorescence
EEM spectra for the two crude oils diluted in n-hexane for
four concentrations at a stabilised temperature of 20◦C were
determined. Figure 1 presents the fluorescence spectra in
three-dimensional planes (3D spectra) for two concentrations
of crude oils. Significant changes of fluorescence intensity of
the main peak of EEMs caused by oil concentration are more
visible for Petrobaltic (P1, P4) than for Romashkino (R1, R4).
To observe the pure shapes of spectra changes (excluding
intensity), the excitation-emission matrices were normalized
to the maximal values. The tendencies to transform spectra
caused by changes in oil concentration are shown in Figure 2.
In Figure 2, for Romashkino crude oil, the following effect re-
sulting from the dilution of the oil solution was observed:
when the concentration of oil increases, the wavelength of
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FIG. 1 Excitation-emission fluorescence spectra (EEMs) of oil in hexane dilutions for Petrobaltic (P) and Romashkino (R) crude oil, in two oil concentrations (P1, R1: 20 mg/kg, P4,
R4: 280 mg/kg).
FIG. 2 Transformation of normalized EEMs for Petrobaltic (P) and Romashkino (R) crude oil with oil concentration in n-hexane (1: 20 mg/kg, 2: 50 mg/kg, 3: 230 mg/kg,
4: 280 mg/kg).
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FIG. 3 Absorption spectra of oil in n-hexane for Petrobaltic (a), Romashkino (b) for various oil concentrations.
Petrobaltic Romashkino
Exmax ± 5 [nm] / Emmax ± 5 [nm] Exmax ± 5 [nm] / Emmax ± 5 [nm]
P1 240 / 350 R1 240 / 350
P2 240 / 350 R2 240 / 350
P3 240 / 350 R3 245 / 358
P4 240 / 350 R4 250 / 360
TABLE 2 The values for wavelength-independent fluorescence properties of oil fluorescence peak: excitation maximum (Exmax), emission maximum (Emmax).
maximum fluorescence intensity starts from near 350 nm and
moves to 360 nm, while the excitation wavelength related
to the maximum fluorescence intensity starts from 240 nm
and increases to the 250 nm. The results indicate that for
Romashkino with dilution there are shifts to longer emission
wavelengths (red shift). However, for Petrobaltic crude oil, the
intensity of maximum fluorescence increases when the con-
centration of oil increases, although excitation and emission
wavelengths related to fluorescence maximum remain con-
stant.
The shape of fluorescence spectra demonstrates the presence
of peaks, typical for two kinds of crude oil. Based on EEMs,
the peaks typical for both oils can be described by the spe-
cific wavelengths: excitation and emission – described as the
peak position of wavelength-independent fluorescence maxi-
mum, written as Exmax/Emmax. The specific peaks described
as wavelength-independent were determined for both kinds
of oil for various oil concentrations. The values of wavelength-
independent fluorescence maximum are presented in Table 2.
The permanent value of this parameter was observed for dif-
ferent concentrations for Petrobaltic oil. In contrast, for Ro-
mashkino oil, a shift in the wavelength-independent fluores-
cence maximum to the longer wavelengths was observed with
an increase in oil concentration. Taking into account the varia-
tions of the wavelength-independent fluorescence maximum,
the range of changes of these parameters for both types of oil
was determined. Table 3 presents the range of wavelength-
independent fluorescence maximums for the studied oils.
Exmax ± 5 [nm] / Emmax ± 5 [nm]
Petrobaltic 240 / 350
Romashkino 240 - 250 / 350 - 360
TABLE 3 The range of values for wavelength-independent fluorescence properties of oil
fluorescence peak: excitation maximum (Exmax), emission maximum (Emmax).
The results of EEMs for Petrobaltic and Romashkino show that
these oils display fluorescence in the ultraviolet range and
the maximum fluorescence of oils depends on the type of oil.
The maximum excitation wavelength changes from 240 nm
to 250 nm and the maximum emission wavelengths changes
from 350 nm to 360 nm.
3.2 Absorbance
Absorbance spectra A(λ) were registered simultaneously
to the excitation-emission spectra (EEMs) using an Aqualog
Horiba spectrofluorometer. The measurement principle is
based on the following rule (Eq. (1)) [14]:
A(λ) = − log
(
I(λ)
I0(λ)
)
(1)
and I0(λ), I(λ) describe, respectively, the intensity of the light
that has passed through the reference sample (n-hexane) and
the intensity of the light that has passed through the oil in n-
hexane sample.
Figure 3 presents the absorbance spectra registered for crude
oils Petrobaltic and Romashkino, for various oil concentrations
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(the same as in EEMs measurements). The absorbance spec-
tra achieved higher values for crude oil Romashkino. The ab-
sorbance spectra show strong changes in the wavelength
range from 240 nm to 420 nm, while for the longer wave-
lengths remain at the same level and takes relatively low val-
ues.
4 DISCUSSION
The solution to the problem of recognising the individual con-
stituents of seawater which influence the excitation-emission
spectra plays an important role in the process of finding the
easiest and most efficient method for detection and quantifi-
cation of natural and alien substances in the seawater. In this
paper, a potential component of the seawater – crude oil –
is considered. Since crude oils and their derivatives contain
fluorescence compounds (mainly cyclic and polycyclic hy-
drocarbons), they may disturb methods of determining var-
ious seawater constituents and, conversely, various natural
seawater constituents may disturb the detection of oil sub-
stances in the sea environment. Coble [24] revealed character-
istic indices extracted from EEMs that are assigned to define
groups of compounds typical for the aquatic environment.
The mentioned author describes the peaks of EEM spectra
typical for CDOM [23]–[25]. These peaks were described for
particular components of CDOM, such as aminoacid-like hu-
mic acids and fulvic acids. Taking into account the EEM spec-
tra presented in this paper, as well as the determined value
of independent-wavelength of fluorescence maximum of oils,
it can be seen that the maximum excitation wavelength of oil
can be located in the region of the excitation wavelength for
CDOM – especially for tryptophan-like or protein-like, as well
as humic-like. At the same time, the author noted the role of
the origin of particular types of compounds.
All of the above indicates that oil pollution in the marine envi-
ronment can strongly disturb the possibility of florescence and
absorption of typical components of natural seawater. In con-
sequence, it leads to the variations in EEMs or the absorption
spectra of natural seawater. In the future, it would be inter-
esting to track the excitation-emission spectra and absorption
spectra of oils belonging to other groups of oils (i.e. lubricate
oils, fuels) to expand knowledge about the spectral properties
of oils. A comparison of the wavelength-independent fluores-
FIG. 4 Juxtaposition of crude oils with various marine constituents (described in pa-
per [24]) in respect of Exmax/Emmax.
cence Exmax/Emmax of crude oils (Table 2) with various ma-
rine constituents [24] is given in Figure 4. This diagram shows
that the highest points indicating Emmax are located at wave-
lengths longer than for oils. At the same time, points indicat-
ing Exmax correspond to the longer wavelengths in every case.
This observation can be treated as an advantage for distin-
guishing the oil-origin part of EEMs from other areas of EEMs
connected with the natural seawater constituents. The other
advantage is that the indexes Exmax/Emmax for oil almost do
not depend on the concentration or type of oil.
On the other hand, if the entire area of EEMs are considered
in respect to their similarities, the concentration of oil influ-
ences the similarity ratio Sab (Eq. (2)) in low concentrations,
whereas in higher concentrations the similarity ratio is inde-
pendent of oil concentration (Figure 5). The similarity ratio
Sab between the fluorescence spectra of the two oil solutions
for the considered concentration of oils is given by Eq. (2) (as
used in the paper [17]). In this formula, the indexes “ij” refer
to relative columns and rows in tables representing spectra
“a” and “b”, the quantities waij, w
b
ij refer, respectively, to nor-
malised elements of EEM matrix of reference oil solution “a”
and compared solution “b”.
Sab = 1−
∑
ij
|waij − wbij|
∑
ij
waij
(2)
It is possible that supporting measurements using the same
device (as for fluorescence), i.e. absorbance spectra, will im-
prove the methodology of spectral measurements of seawa-
ter constituents. Based on measured absorbance A(λ), the ab-
sorption coefficients a(λ) for considered concentrations of oils
were determined as follows:
a(λ) =
2.303A(λ)
cd
(3)
where A(λ)– above-mentioned absorbance and c, d describe,
FIG. 5 The decrease in the similarity ratio of spectra for various oil concentrations (as
in Figure 2) related to the lowest concentration.
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FIG. 6 Absorption coefficient of oil in n-hexane for Petrobaltic (a), Romashkino (b) for various oil concentrations (derived using Eq. (3) based on data depicted in Figure 3).
respectively, the concentration index of the oil solution ex-
pressed in kilograms of oil per one kilogram of n-hexane so-
lution and the cuvette length.
Figure 6 presents values of absorption coefficient changes
in considered excitation wavelength. The obtained values of
absorbance (Figure 3) and absorption coefficient (Figure 6)
for considered crude oils indicate that Romashkino crude oil
displayed higher predisposition for absorption. Moreover,
the absorption coefficients for Petrobaltic and Romashkino also
change in the wavelength range from 240 nm to 420 nm. For
Petrobaltic crude oil in Figure 6, there is a sharp absorption
peak for wavelength 260 nm. In contrast, for Romashkino oil,
the absorption spectrum is rather monotonic and the plane
peak is observed near 260 nm.
5 CONCLUSION
The here presented spectral features of crude oils based on
Petrobaltic and Romashkino crude oils will facilitate a quick
and easy oil pollution determination in natural waters. More-
over, this knowledge is also essential for changes in CDOM
or chlorophyll monitoring in surface seawater threatened by
the presence of oil substances. In the future, the data could be
used for modelling the upward/downward light fluxes in the
water column as well as upward fluxes above the sea surface
or help to expand knowledge of fluorescence to aid the search
for an effective fluorosensor to detect oil pollution suspended
in a water column [30].
In the future activities are envisaged to create a database of
EEM spectra for typical oils potentially found in the marine
environment. One can assume that the EEMs data of oil could
be used as the patterns for oils identifying in the natural ma-
rine environment based on model heretofore taking into ac-
count only typical constituents of the natural marine water.
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